Gallium, a pharmacologically important metal, resembles iron with respect to transferrin (Tf) binding and Tf receptormediated cellular uptake. In the present study, we examined the effect of gallium on Tf-independent iron uptake by HL60 cells. In contrast to the inhibitory effect of Tf-gallium on Tf-iron uptake, gallium nitrate, in a time-, temperature-, and concentration-dependent manner, stimulated Tf-independent uptake of iron-nitrilotriacetic acid (Fe-NTA). Preexposure of cells to gallium followed by removal of gallium also resulted in sustained stimulation of iron uptake. The anti-Tf receptor monoclonal antibody 42/6 blocked Tf-iron uptake, but had no effect on gallium-induced stimulation of Tf-T IS WELL KNOWN that iron present in the circulation I is bound to its transport protein, transferrin (Tf), and that its cellular uptake is mediated by specific cell surface receptors.' However, recent studies2-j have shown that, in addition to this well-characterized Tf-dependent cellular uptake process, there exists a Tf-independent mechanism for the cellular uptake of iron. Studies examining the requirement of iron for cell growth in tissue culture have shown that the proliferation of cells under serum-free, Tf-free conditions in vitro can be supported by soluble iron salts and ~h e l a t e s .~-~ In disorders such as atransferrinemia and hemochromatosis, circulating iron often exceeds the capacity of the Tf transport system and, in these conditions, Tf-independent iron uptake may contribute to cellular iron ~v e r l o a d .~ Gallium, a group IIIa metal, has recently been recognized as a pharmacologically important metal with significant efficacy in the therapy of hypercalcemia and certain neoplasms.1°-12 Like iron, gallium binds avidly to Tf to form a stable Tf-gallium complex that then is taken up by human leukemic HL60 cells through Tf receptor-mediated endocyt o s i .~. l~-~~ However, a non-Tf uptake system for gallium also exists in these cells and this system may represent an important mechanism of gallium uptake by cells that do not express Tf receptors.14 Our previous studies have shown that the Tf-gallium complex inhibits Tf receptor-mediated cellular uptake of iron and blocks the activity of the iron-dependent enzyme ribonucleotide reductase.16-is However, it is not known whether gallium influences Tfindependent cellular uptake of iron or whether both metals share a common non-Tf uptake system. In the present study, we have therefore examined the interaction of gallium and iron at the level of the Tf-independent cellular transport system for iron. Our results show that exposure of HL60 cells to gallium leads to an increase in membrane transporters for non-Tf iron, and that gallium and iron both use the same Tf-independent uptake system to influence the proliferation of these cells.
T IS WELL KNOWN that iron present in the circulation I is bound to its transport protein, transferrin (Tf), and that its cellular uptake is mediated by specific cell surface receptors.' However, recent studies2-j have shown that, in addition to this well-characterized Tf-dependent cellular uptake process, there exists a Tf-independent mechanism for the cellular uptake of iron. Studies examining the requirement of iron for cell growth in tissue culture have shown that the proliferation of cells under serum-free, Tf-free conditions in vitro can be supported by soluble iron salts and ~h e l a t e s .~-~ In disorders such as atransferrinemia and hemochromatosis, circulating iron often exceeds the capacity of the Tf transport system and, in these conditions, Tf-independent iron uptake may contribute to cellular iron ~v e r l o a d .~ Gallium, a group IIIa metal, has recently been recognized as a pharmacologically important metal with significant efficacy in the therapy of hypercalcemia and certain neoplasms.1°-12 Like iron, gallium binds avidly to Tf to form a stable Tf-gallium complex that then is taken up by human leukemic HL60 cells through Tf receptor-mediated endocyt o s i .~. l~-~~ However, a non-Tf uptake system for gallium also exists in these cells and this system may represent an important mechanism of gallium uptake by cells that do not express Tf receptors.14 Our previous studies have shown that the Tf-gallium complex inhibits Tf receptor-mediated cellular uptake of iron and blocks the activity of the iron-dependent enzyme ribonucleotide reductase.16-is However, it is not known whether gallium influences Tfindependent cellular uptake of iron or whether both metals share a common non-Tf uptake system. In the present study, we have therefore examined the interaction of gallium and iron at the level of the Tf-independent cellular transport system for iron. Our results show that exposure of HL60 cells to gallium leads to an increase in membrane transporters for non-Tf iron, and that gallium and iron both use the same Tf-independent uptake system to influence the proliferation of these cells.
MATERIALS AND METHODS

Chemicals.
Gallium nitrate was obtained from Alfa Products (Danvers, MA). Human Tf, sodium selenite, and nitrilotriacetic acid disodium salt (NTA) were purchased from Sigma Chemical independent iron uptake. Gallium increased the number of cell membrane iron-binding sites, without a change in their affinity for iron. Ferric chloride stimulated Tf-independent gallium uptake. Although gallium nitrate inhibited cell growth in Tf-free medium, cellular proliferation was restored by Fe-NTA. Gallium and iron appear to share the same Tfindependent cellular uptake system in HL60 cells. Exposure of cells to gallium results in the activation of cell membrane non-Tf iron carriers that may play a role in overcoming the Tf-independent growth-inhibitory effects of gallium. 6 1992 by The American Society of Hematology.
Co (St Louis, MO). 59FeC13 was obtained from New England
Nuclear (Boston, MA). 67Ga citrate was obtained from Mediphysics (Richmond, CA). 59Fe-NTA and nonradioactive Fe-NTA were prepared by the addition of 59FeC13 or FeC13 to a 3 molar excess of NTA. The pH of this solution was raised to 7.4 by the addition of solid Trizma base. 59FeTf, Tf-Fe, and Tf-Ga were prepared as previously described.I6 Recombinant human zinc insulin was obtained from Calbiochem (La Jolla, CA). Monoclonal antibody (MoAb) 42/6 against the human Tf receptor was generously provided by Dr Ian Trowbridge (Salk Institute, La Jolla, CA).
Human promyelocytic leukemic HL60 cells were obtained from American Type Culture Collection (ATCC; Rockville, MD). Stock cells were maintained in RPMI 1640 medium containing 10% fetal calf serum (FCS) with 200 U/mL of penicillin, 0.2 mg/mL of streptomycin, and 50 pg/mL of gentamicin (complete medium). Cell growth experiments were performed in serum-free medium using HL60 cells that had been adapted to long-term growth in serum-free RPMI 1640 medium containing 20 pmol/L Fe-NTA, 3 p,g/mL recombinant human insulin, and 5 ng/mL sodium selenite. To determine the effects of gallium on cell growth, gallium nitrate (0 to 400 p,mol/L) was added to cells (0.5 x 106/mL) plated in this medium. To examine whether Fe-NTA could influence the effect of gallium nitrate on cellular proliferation, Fe-NTA (0 to 200 pmol/L) was added to cells plated in serum-free medium containing a growth-inhibitory concentration of gallium nitrate (144 p,mol/L). Cell growth was determined after 72 to 96 hours of incubation.
HMO cells grown in complete medium were centrifuged and washed with serum-free RPMI 1640 medium containing 5 p,g/mL recombinant human insulin (subsequently referred to only as serum-free medium). Cells were then resuspended in this medium and incubated at 37°C for 45 minutes to deplete them of Tf. After this incubation, cells were washed with ice-cold phosphate-buffered saline (PBS), pH 7.4, and resuspended in ice-cold serum-free medium. All studies were performed using serum-free medium containing 3 pg/mL recombinant human insulin and incubations were performed at 37°C in a COz incubator. For 59Fe uptake studies, cells (lo6 cells/mL) were incubated with S9Fe-NTA (5.9 to 12.1 ng Fe/mL) in a 37°C COz incubator for 30 to 240 minutes. Cells were then washed with PBS and the cellular uptake of iron was determined by counting the radioactivity in the cell pellet using an LKB Compugamma gamma counter (Pharmacia LKB Nuclear Inc, Gaithersburg, MD). The specific activity of S9Fe, which ranged from 7,000 to 17,000 cpm/ng Fe, was determined before each experiment and iron uptake by cells was calculated as picograms per 106 cells. FeCb (0 to 25 pmol/L) was added to the tubes to determine its effect on cellular 59Fe uptake.
uptake were examined in separate experiments as follows. (1) 59Fe uptake studies were performed as described in the presence of 0 to 60 pmol/L gallium nitrate. In separate experiments, 10 pg/mL of anti-Tf receptor MoAb 42/6 was added to tubes at the start of incubation. (2) To determine the effect of preexposure of cells to gallium, cells that had been depleted of Tf were washed and reincubated for 0 to 60 minutes in serum-free medium containing 25 pmol/L gallium nitrate. At specified timepoints, cells were harvested and washed twice with ice-cold PBS and serum-free medium to remove gallium. uptake studies were then performed on these cells in the absence of gallium. (3) To determine the duration of gallium effects on cellular 59Fe uptake, cells were first incubated in serum-free medium for 30 minutes with 25 pmol/L gallium nitrate and were then washed by centrifugation to remove gallium. Washed cells were reincubated in serum-free medium at 37°C. Aliquots of cells were removed after 30 to 240 minutes of incubation and cellular 59Fe uptake studies were performed on these cells, as described above.
The effect of Tf-Ga on Tf-dependent iron uptake was examined by incubating HL60 cells (106 cells/mL) in serum-free medium containing 0 to 150 pg/mL Tf-Ga and 59FeTf (5.78 ng Fe/mL, 3.92 pg Tf/mL, approximately 86,000 cpm). Cells were harvested after 1 and 4 hours of incubation and cell-associated 59Fe was determined.
To examine the effect of iron on gallium uptake by cells, 0 to 500 pmol/L FeC13 was added to cells incubated with 4.15 ng/mL gallium nitrate containing trace amounts of 67Ga citrate (specific activity, 66,000 cpm/ng Ga). Uptake studies were performed as described above for S9Fe-NTA. Crude cell membranes were prepared using a modification of a previously described method. 19 After an initial incubation of cells in serum-free medium to deplete them of Tf, cells were washed by centrifugation with PBS and then resuspended in 20 mmol/L Tris buffer, pH 7.4. Cells were disrupted by sonication and the suspension centrifuged at 3,000g for 20 minutes. The pellet containing crude membranes was resuspended in ice-cold serum-free medium. Aliquots of membrane suspension were incubated with increasing concentrations of 59Fe-NTA in the absence or presence of 25 pmol/Lgallium nitrate. Specific binding of 59Fe to membranes was determined by subtracting values obtained in parallel binding studies performed in the presence of a 1,000 molar excess of nonradioactive Fe-NTA (nonspecific binding). The results were plotted and maximal Fe binding was calculated as described by Scatchard2O
The total protein content of the membrane preparation was measured using a commercially available assay kit (BCA protein assay from Pierce, Rockford, IL).
The effects of gallium on cellular 59Fe binding to cell membranes.
Protein measurements.
RESULTS
Effect of Tfgallium on Tf-dependent uptake of iron by HL60 cells. In previous studies,16 we have shown that Tf-Ga blocked the cellular incorporation of iron by competitively inhibiting the binding of Tf-Fe to its receptor and by blocking the intracellular release of iron from Tf. Consistent with these earlier studies, incubation of cells with Tf-gallium led to a progressive inhibition of Tf receptormediated uptake of Tf-Fe. As shown in Fig 1, a 50% inhibition in iron uptake by cells was seen with Tf-gallium concentrations of 17.02 kg/mL and 13.44 kg/mL after 1 and 4 hours of incubation, respectively.
Stimulation of Tfindependent cellular uptake of iron by gallium nitrate. In contrast to the inhibitory effects of Tf-gallium on Tf-dependent iron uptake by cells, the uptake of non-Tf iron was markedly stimulated by gallium in a dose-dependent manner (Fig 2A) . Over 1 hour of incubation, 25 pmol/L gallium nitrate increased cellular iron uptake by 14.5-fold. At higher concentrations of gallium, a plateau in the iron uptake curve was observed, consistent with a saturable transport system for iron (Fig  2A) . The amount of iron taken up by cells in the presence of gallium was dependent on the duration of incubation ( Fig  2B) and was decreased at 4°C (Fig 2C) .
To determine whether the stimulatory effect of gallium on Tf-independent cellular iron uptake required the continuous presence of gallium, cells were preexposed to gallium and then allowed to incorporate 59Fe-NTA in the absence did not have any further potentiating effect on iron uptake beyond that seen at the 5 minutes timepoint. These studies suggest that the maximum stimulatoq effect of gallium on Tf-independent iron transport requires only a brief exposure of cells to gallium.
To examine the duration of gallium effects on cellular iron uptake, cells were exposed to gallium for 30 minutes and then assayed for iron uptake at various intervals after the removal of gallium. As shown in Fig 4, the stimulatory effect on iron uptake initially decreased by approximately 40% over 2 hours after the removal of cells from gallium and then remained constant over the next 2 hours. Even at 24 hours after exposure of HL60 cells to gallium, iron uptake by these cells remained higher than that of controls (not shown).
To confirm that the stimulatory effects of gallium on iron uptake by cells were independent of the Tf receptor, we then examined Tf-dependent and Tf-independent iron uptake in the presence of 4216, an anti-Tf receptor MoAb that is known to inhibit the cellular uptake of Tf-iron by blocking the internalization of the receptor.21,22 Consistent with previous reports, 10 pg1mL of 4216 inhibited the uptake of 59FeTf by HL60 cells by approximately 65% (Fig  5A) . In contrast, 4216 had no effect on the gallium-induced increase in Tf-independent cellular uptake of iron (Fig 5B) .
To determine whether the gallium-induced increase in cellular uptake of iron was the result of a change in the affinity of the Tf-independent iron transport system for iron or an increase in the number of membrane carriers for iron, iron binding to membranes was analyzed according to the method of ScatchardTO Figure 6 shows that in the presence of gallium, the maximal number of iron-binding sites on the membrane increased over eightfold (from 0.42 ng Fe boundlpg protein to 3.67 ng Fe boundlpg protein), without Scatchard analysk of won binding to membranes. Tf-independent iron uptake after preexposure o f cells to gallium for different lengths of time. HLW celh wore incubated in serum-frae medium at 37°C for 46 minutes and then washed and reincubated in fresh medium containing 26 pmol/L gallium nitrate. At the specified timepoints, cells were removed, washed, and used for WFe-NTA uptake studias. Uptake studies were performed over 1 hour in serum-free medium in the absence of gallium. Values represent the mean * SE (n = 3). a change in their affinity for iron. However, no increase in iron binding was seen when binding studies were performed on membranes derived from cells that had been preexposed to gallium and then washed free of gallium (not shown). Hence, increased binding of iron to membranes was seen only when gallium was present throughout the incubation. It should be appreciated that while gallium increases the number of membrane iron binding sites, it also competes with iron for binding. The increase in iron binding in the presence of gallium, as shown in Fig 6, actually underestimate the total number of membrane iron-binding sites.
Although both iron and gallium share the same Tf receptor transport with respect to Tf-mediated cellular uptake, it is unclear whether both metals use the same Tf-independent cellular uptake system. To address this issue, we examined the effect of iron on Tf-independent uptake of gallium. As shown in Fig IA, a marked increase in gallium uptake was seen in the presence of increasing concentrations of ferric chloride. Consistent with previous reports: exposure of cells to ferric chloride also resulted in an increase in the uptake of iron (Fig 7B) . These results suggest that gallium and iron share a common Tf-independent cellular uptake pathway, and exposure of cells to either metal results in the activation of this transport system.
To examine the interaction of iron and gallium on Tf-independent cellular proliferation, cells were grown in medium containing varying amounts of the two metals. As shown in Fig 8A, the growth of cells plated in medium containing 20 pmol/L Fe-NTA was progressively inhibited by increasing concentrations of gallium nitrate. Conversely, when Fe-NTA was added to medium containing a growth-inhibitory concentration of gallium nitrate, cellular proliferation was restored to normal in a dose-dependent manner (Fig 8B) .
Effects of Fe-NTA and gallium on cell growth.
DISCUSSION
Our earlier studies of the effect of Tf-gallium on Tf receptor-mediated cellular iron uptake prompted us to examine the uptake of these two metals by the Tfindependent iron transport system in HL60 cells. We show that, in contrast to the inhibition in Tf-dependent iron uptake produced by Tf-gallium, Tf-independent iron uptake by cells is stimulated by gallium nitrate in a concentration-, time-, and temperature-dependent manner. Our experiments were performed using the iron-chelate Fe-NTA to ensure that iron remained in a soluble form at neutral pH. However, in initial studies, we had found that gallium stimulated Tf-independent cellular uptake of iron even when iron was added to the serum-free incubation medium as FeC13. Studies examining non-Tf iron uptake by HeLa cells have suggested that the type of the iron-chelate complex is not critical and that iron is incorporated into cells by the Tf-independent mechanism regardless of whether it is provided to cells as Fe-NTA, Fe-citrate, or Fe-a~corbate.~,~ Furthermore, it has been suggested that the non-Tf iron uptake system may play a role in the uptake of certain transition metals.4. Investigation of the Tf-independent cellular uptake of iron required that experiments be performed in Tf-free, serum-free medium. Because the non-Tf uptake of iron could be altered in cells adapted to long-term growth in serum-free medium containing Fe-NTA, HL60 cells grown in complete medium were used for our studies. To optimize Tf-free conditions, these cells were washed and preincubated in serum-free medium to deplete them of Tf. Although it was difficult to ensure that cells were entirely free of contaminating Tf, the results of two different experiments indicate that the cellular uptake of 59Fe-NTA shown in our studies occurred through a Tf-independent mechanism. First, the stimulatory effect of gallium on the cellular uptake of 59Fe-NTA was in contrast to the inhibitory effect of Tf-gallium on the Tf-dependent cellular uptake of iron. Second, although the anti-Tf receptor MoAb 4216 inhibited the uptake of 59Fe-Tf, no such effect was seen on galliumstimulated 59Fe-NTA uptake. These studies indicate, therefore, that the gallium-induced increase in the cellular uptake of iron occurs through a non-Tf transport system. Furthermore, based on Scatchard analysis of 59Fe-NTA binding to membranes, it would appear that this increase in iron uptake after exposure of cells to gallium is the result of either an increase in the number of cell surface membrane iron-binding sitesltransporters or an activation of existent transporters for iron.
An interesting observation was that the effect of gallium on Tf-independent iron uptake by cells did not require the continuous presence of gallium in the incubation medium. Brief exposure of cells to gallium followed by removal of gallium resulted in maximal stimulation of Tf-independent iron uptake. This effect persisted up to 24 hours after exposure of cells to gallium. In contrast, when 59Fe-NTA binding to membranes was examined, an increase in 59Fe binding was seen only when gallium nitrate was present throughout the incubation and not after membranes had been washed free of gallium. This difference between the washed cells and the washed membranes may be due to intracellular gallium in intact cells. We have shown that a significant fraction of gallium taken up by HMO cells recycles out of these cells.15 It is possible that the persistent increase in iron uptake seen after brief preexposure of cells to gallium may be the result of stimulation of Tfindependent iron uptake by gallium released from cells. Alternatively, the continued increase in non-Tf iron uptake/ binding after removal of cells from gallium may relate to other intracellular processes that require intact cells and, therefore, is not seen with washed membranes.
Prior studies have shown similarities between iron and gallium with regard to Tf binding and Tf receptor-mediated cellular uptake and incorporation into ferritin.13J4,u,x In the present studies, Tf-independent uptake of both gallium and 59Fe-NTA was stimulated by increasing concentrations of ferric chloride. The ability of iron to stimulate its own Tf-independent uptake has been shown by others? The finding that gallium, like iron, stimulated Tf-independent iron uptake and vice versa, strongly suggests that both metals share the same non-Tf membrane transport system in HL60 cells. Further evidence of a common non-Tf transport system was provided by the cell growth studies that showed that the growth-inhibitory effect of gallium could be reversed by Fe-NTA. These experiments suggest that, while both gallium and iron activate the same non-Tf transport system and stimulate each other's uptake, their combined effects on cell growth are determined by the relative amounts of iron and gallium that enter the cell. While we have suggested that gallium and iron activate/ increase the same transporters by physically binding to the same site, it is also possible that both metals may have similar effects on iron uptake through binding to different sites or partially overlapping sites.
The effects of gallium on non-Tf iron uptake may explain, in part, why certain cells appear to be more sensitive to the growth-inhibitory effects of gallium. Gallium appears to inhibit cell growth through mechanisms that involve blockade of iron uptake16 and direct inhibition of ribonucleotide reductase.18 Cells capable of enhancing the capacity of their Tf-independent iron transport system may, in the presence of gallium, increase their uptake of non-Tf iron and thus overcome the growth-inhibitory effects of gallium. In contrast, because Tf-gallium consistently inhibits Tf-mediated iron uptake, cells primarily dependent on the Tf receptor for iron uptake (with a limited capacity for non-Tf iron uptake) would be more sensitive to growth inhibition by gallium.
In conclusion, our current studies have elucidated an important interaction of gallium with cellular iron transport. Further work is in progress to define the role of targeting of intracellular processes by gallium. Such information may enhance our understanding of iron-dependent processes necessary for cell growth and perhaps lead to novel strategies aimed at controlling the proliferation of malignant cells.
